Complex eukaryotic genomes are now being sequenced at an accelerated pace primarily using whole-genome shotgun (WGS) sequence assembly approaches. WGS assembly was initially criticized because of its perceived inability to resolve repeat structures within genomes. Here, we quantify the effect of WGS sequence assembly on large, highly similar repeats by comparison of the segmental duplication content of two different human genome assemblies. Our analysis shows that large (>15 kilobases) and highly identical (>97%) duplications are not adequately resolved by WGS assembly. This leads to significant reduction in genome length and the loss of genes embedded within duplications. Comparable analyses of mouse genome assemblies confirm that strict WGS sequence assembly will oversimplify our understanding of mammalian genome structure and evolution; a hybrid strategy using a targeted clone-by-clone approach to resolve duplications is proposed.
T he optimal method to generate assembled genomic sequence data for the scientific community has been a matter of considerable debate 1, 2 . Public efforts originally advocated strict clone-order-based approaches, citing logistical limitations, computational issues and an unknown genome structure as arguments against a WGS approach. In the case of the human genome, the clone-ordered approach involved the sequencing of large insert genomic clones (.100 kilobases (kb)) derived from a physical map generated before sequencing. This effectively reduced the genome project into a collection of local projects (n ¼ 45,000) that could be subsequently assembled into a final genome sequence. The alternative WGS sequencing approach involved random sequencing of a large collection (n ¼ ,27,000,000) of clones of various insert size as a single project. It assembled the genome sequence 'on the fly' based on sequence overlap and paired end-sequence linker information. Private initiatives demonstrated the efficacy of WGS sequence assembly to generate rapidly draft versions of eukaryotic genomes 3, 4 , although the inclusion of public clone-ordered data complicated interpretation of its power as a stand-alone strategy 5 . Since that time WGS assembly (WGSA)-based approaches have become widely adopted within the sequencing community and are now the predominant component of most publicly funded genome projects 6, 7 . Despite their general acceptance, the impact of such strategies on our understanding of genome biology is not well understood.
Recently, two independent assemblies of the human genome were released-one based largely on clone-ordered sequence (build34) and the other based on exclusive use of WGSA data. This landmark event provides the first opportunity to compare two distinct genome assembly approaches 8, 9 . It should be pointed out that both assemblies have matured over multiple rounds of reiteration. The current finished build34 benefited from several years of hand curation and experimental validation from a large number of genome annotators. Similarly, the WGSA was generated by an assembler that was enhanced after algorithmic improvements introduced during the Celera mouse assembly 8 . We present a detailed study of the organization and structure of segmental duplications within these two assemblies. These results have important implications not only in directing and improving future genome assemblies, but, more importantly, in providing insight into how whole-genome sequence can be meaningfully interpreted by the biological community.
Segmental duplications and human assembly comparison
Both working-draft and WGS sequence assemblies have had difficulties resolving the structure of large, highly identical duplications [10] [11] [12] [13] . We analysed recent segmental duplications (.90% identity, .1 kb in length) using methods that were developed during the analysis of the human genome 10, 14 . Both experimental and in silico analyses initially suggested that 5-6% of human euchromatin is composed of segmental duplications 9, 15 . Precise determination of the organization and structure required a highquality genome assembly. Within the finished build34 genome we identified 150.8 megabases (Mb; 5.3%) of segmental duplications (Table 1 ) of which 140.2 Mb could be confirmed using an assembly-independent strategy 14 , indicating that these were not artefacts of the build34 assembly (see Fig. 4b of ref. 9 ). Although this assembly represents a marked improvement from previous genome assemblies, gaps still remain particularly within duplication regions. Incremental improvements and increases in duplication content are expected. A more recent assembly of the human genome (build35), for example, captured an additional 2.0 Mb of duplicated sequence (Supplementary Table 1 ). A total of 98.7% of the duplication structure was identical between build34 and build35. In contrast to these, an independent analysis of the WGSA revealed a significantly reduced content of segmental duplications (60.3 Mb or 2.2% of the WGSA genome). The results of these duplication analyses including an overlay of WGSA on build34 are available in UCSC-browser format at http://humanparalogy.gs.washington.edu.
It had been predicted that duplications with the greatest degree of sequence identity would be the most difficult to resolve but, until analysis now, the threshold for this effect has been impossible to determine. For duplications with less than 95% identity there is a good correspondence between the two methods, although the WGSA shows fewer alignments at all bin sizes (Fig. 1a) . At 95.5% a marked decline in the fraction of duplicated bases becomes apparent within the WGSA. As the sequence identity of duplications increases, the largest and most highly identical duplications disappear. We calculate that only ,9% (8.0 Mb out of the expected 94 Mb) of duplications whose sequence identity exceeds 97% are represented within the WGSA as duplications. Duplications that are virtually identical (.98%) appear to be completely absent within the assembly or take the form of apparent unique sequence composed of extremely short sequence alignments. The former corresponds to ,26 Mb of sequence (1,748 regions greater than 10 kb in length).
As expected, genes embedded within these segments are also conspicuously absent. We identified 67 genes that are partially deleted and another 36 genes that are completely absent from the Celera WGSA (Supplementary Table 2 and Supplementary Fig. 1 ). This set included rapidly evolving gene families such as nuclearpore interacting protein (NPIP), sperm protein associated with nucleus (SPANX) and variable charge basic protein Y (VCY) gene families. In addition, cancer-related antigen markers (GAGE, NY-REN), both survival of motor neuron genes (SMN1 and SMN2) and several important immune-related genes-interleukin 27 (IL27), neutrophil cytosolic factor 1 (NCF1) and epithelial beta defensins (DEF)-were lost from the WGSA owing to their association with segmental duplications.
Next, we analysed the length distribution of duplication alignments between the two genome assemblies. Build34 duplications were distributed within a total of 28,728 pairwise alignments whose length averaged 9.2 kb. WGSA duplications were less frequent (20,818 alignments) and shorter (4.04 kb). An analysis of the sum of aligned bases as a function of alignment length showed a marked depletion of longer alignments (.15 kb) within the WGSA when compared with build34 (Fig. 1b) . The greatest discrepancy occurred among the largest alignments and pinpoints a failure of wholegenome assembly methods to traverse through such large, complicated repeat structures.
Large blocks of highly identical duplications are enriched near human centromeres and telomeres as well as specific focal regions within euchromatin. Not surprisingly, these regions are very poorly represented within the WGSA ( Fig. 2 ; see also Supplementary  Fig. 2 ). Such duplication regions are also frequently associated with genomic disease owing to non-allelic homologous rearrangement between intrachromosomal duplications. We examined the WGSA for five disease breakpoint regions (spinal muscular atrophy type I, Charcot-Marie-Tooth disease, velocardiofacial/DiGeorge syndrome, Prader-Willi syndrome and William's syndrome). Between 71-97% of the sequence corresponding to these large segmental duplications was absent ( Supplementary Fig. 1 ). It follows that strict dependence on a WGSA approach would severely oversimplify the architecture of our genome and limit an understanding of the molecular aetiology of such diseases.
As a final assessment of segmental duplications between the assemblies, we analysed 19 duplicons whose copy number and distribution within the human genome had been experimentally validated by fluorescence in situ hybridization and/or hybridization data. We mapped 75 sequence tags corresponding to these 19 duplicons by BLAST sequence similarity searches against the two human genome assemblies (Supplementary Table 3 ). Within the finished build34 genome a total of 535 copies mapped to specific chromosome positions-in good agreement with experimental data (n ¼ ,580 copies). Eleven mapped to positions within the unplaced or random sequence contigs. By comparison, only 240 discrete loci could be identified within the WGSA. Of these, 94 mapped to specific chromosomal positions, whereas the remainder localized to an unknown chromosome. We conclude that a minor fraction (,20%) of the duplicated sequence is correctly placed within the WGSA and that more than one-half of the duplications have been collapsed or lost. 
Segmental duplications and WGSA chromosome length
The size of human euchromatin within build34 (2,865 Mb) is significantly larger than that predicted by the WGSA (2,696 Mb). This size difference is not uniformly distributed among chromosomes (Table 1 ; see also Supplementary Fig. 3 ). Although some of this lost euchromatin, 170 Mb, has been attributed to reduced coverage of the sex chromosomes as a result of the male donor in the WGSA 8 , differences in the length of the sex chromosomes would only account for 44.9 Mb of sequence. As human chromosomes vary considerably in duplication content, we sought to determine whether there was a correlation between chromosomes that carry large blocks of duplications with high sequence identity and reduced chromosomal length (Supplementary Fig. 3 ). There is a strong correlation (r ¼ 0.9) between the reduction in chromosome length and the number of highly identical duplication bases (Table 1 ). Chromosome 16 is most notable in this regard. This chromosome is reduced by 17% in the WGSA. It is also the autosome that has the largest fraction of highly identical segmental duplications (Table 1) . We estimate that missing segmental duplications contribute more than 50% to the reduced size of the WGSA when compared with build34 (90 Mb out of the 170 Mb reduced size).
Implications
Our analysis clearly shows that strict WGSA has limited capacity to resolve the structure of duplicated regions within genomes. Most of this effect, however, occurs among duplications that exceed .15 kb in length and show greater than 97% sequence identity. We predict that the largest, nearly identical duplications will be absent from WGS sequence assemblies. Clearly, different assembly algorithms 16, 17 may perform better or worse than the Celera assembler-with a trade-off between ability to separate repeats and robustness in the face of polymorphism or sequencing error-but these thresholds provide a useful benchmark for future genome assembly comparison. This study has several important ramifications.
First, estimates of genome-wide duplication content between species should be tempered by the underlying method of assembly. Apparent differences in content may be a consequence of differences in genome assembly rather than a true biological effect. This may explain why other complex genomes that have been sequenced primarily by WGS sequencing show reduced recent duplication content when compared with human 13, 18 . In such first-pass, wholegenome assemblies it is likely that duplications will be even more grossly underestimated. For example, we compared two mouse genome assemblies: one was assembled almost strictly by WGS sequencing (MGSCv.3.0) and the other was the most recent composite assembly (build33) where 57% of the mouse genome was assembled from large insert bacterial artificial chromosome (BAC) clones. The proportion of segmental duplication (.20 kb) increased by more than one order of magnitude between the two assemblies (Supplementary Table 4) , where almost all of the increase (96%) was attributed to the incorporation of BAC-based sequence into the assembly.
Second, we can expect that euchromatin length will be underestimated on the basis of the misassembly of large, highly identical duplications. For the human genome sequence this effect accounts for more than 50% of the reduced genome length. It follows that organisms with greater duplication content will show greater reductions in size if WGSA is the only method applied.
Third, genes embedded within segmental duplications will be concomitantly lost. A surprising finding was that 37 duplicated gene segments were not represented even once within the assembly (Supplementary Table 2 ). This may be because of fracturing of the assembly due to conflicting overlap patterns and mate-pair conflicts, leading to complete rejection of these regions. In the case of the sequenced human genome, this included the loss of rapidly evolving lineage-specific gene families and genes associated with immune response and germline development.
Most importantly, an oversimplified view (Fig. 2 ) of the human genome structure emerges with strict WGSA. Regions enriched for duplications, such as pericentromeric and subtelomeric areas of chromosomes, are particularly under-represented ( Supplementary  Fig. 2 ). In addition, sites of recurrent chromosomal structural rearrangement associated with disease 19 and breakpoints in conserved synteny essentially disappear as a result of WGSA 20, 21 . In the absence of BAC-based sequence we will forfeit an understanding of heterochromatic-euchromatic transition regions, potential mechanisms of chromosomal evolution and the molecular aetiology/ origin of human genomic disease.
Hybrid strategy to sequence complex genomes
Although it is clear that the detailed clone-ordered approach is superior in the resolution of segmental duplications, it would be unrealistic to propose that the sequencing community should abandon WGSA-based approaches. These are the most efficient Figure 1 Sequence identity and alignment length of segmental duplications. a, b, All duplication alignments between 90-100% were categorized based on sequence identity (a) (0.5% bins) and the alignment length (b). The sum of aligned base pairs for each bin is compared between WGSA and build34 human genome sequence assemblies. The proportion of WGSA aligned base pairs begins to decline most rapidly as the sequence identity exceeds 96-97% and the length of the alignments exceeds 15 kb. Note that the reduction in WGSA alignments below 96% is probably due to the fact that divergent duplications are frequently part of larger alignments where the degree of sequence identity is higher. As highly identical alignments are lost, the embedded, more divergent pairwise alignments are also eliminated from further consideration.
and cost-effective means of capturing the bulk of euchromatic sequence. Segmental duplications, however, should not be considered as an acceptable casualty of this process. In humans, duplicated regions show high transcriptional content 22 , are associated with disease 19 and large-scale copy number polymorphisms 23 , and have played an important role in the chromosomal evolution of mammalian genomes 18, 20 . Although the precise balance of cloneordered sequencing and WGS sequencing during the assembly process has yet to be determined, the availability of two methods of genome assembly provides an important insight into this issue by refining the precise limitations of the WGS approach.
We propose a two-tier plan to ensure the resolution of such regions. During the first phase, WGS-based assemblies would be generated at sufficient depth (5-7-fold coverage) to provide an initial draft assembly of a genome. The same sequence reads could then be remapped to the assembly and analysed for regions of excessive divergence and excessive read depth as a means to detect sites of potential duplication 14 . Caution must be exercised to ensure that short sequence contigs are not completely excluded during this process, as those that do not originate from bacterial contamination often map to repetitive or duplicated portions of the genome. During the second phase, BACs corresponding to these regions of excess divergence and read depth would be selected based on BAC end sequence placement and submitted for further mapping/ sequencing to establish long-range continuity across these regions. Sequence from these large-insert clones would be preferentially integrated into the WGSA. Retrospectively, on the basis of the known human genome structure, we estimate that 94 Mb of genomic sequence within ,380 regions of the human genome would require BAC-based sequence. This would entail the preselection of approximately 3,000 BACs (2,300 BACs at fourfold coverage plus an additional 700 BACs that span transition regions). Low-level draft sequence and/or high-density fingerprinting would reduce this set to a minimal tiling path for higher quality sequence. In theory, WGS sequencing (,sixfold genome coverage) coupled with final clone-order-based sequencing of ,1,500 BAC clones would be sufficient to represent accurately the true architecture of the human genome.
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